MR. Investigating the effect of genetic background on proteinuria and renal injury using two hypertensive strains.
-An earlier linkage analysis conducted on a population derived from the Dahl salt-sensitive hypertensive (S) and the spontaneously hypertensive rat (SHR) identified 10 genomic regions linked to several renal and/or cardiovascular traits. In particular, loci on rat chromosomes (RNO) 8 and 13 were linked to proteinuria, albuminuria, and renal damage. At both loci, the S allele was associated with increased proteinuria and renal damage. The current study aimed to confirm the linkage analysis and to evaluate the effect of genetic background on the ability of each locus (either RNO8 or RNO13) to exert a phenotypic difference when placed on a genetic background either susceptible (S rat) or resistant (SHR) to the development of renal disease. Congenic strains developed to transfer genomic segments from either RNO8 or RNO13 from the SHR onto the S genetic background [S.SHR (8) or S.SHR (13) ] demonstrated significantly reduced proteinuria and improved renal function. Both congenic strains demonstrated significantly reduced glomerular and tubular injury, with renal interstitial fibrosis as the predominant pathological difference compared with the S. In contrast, transfer of RNO8 or RNO13 genomic regions from the S onto the resistant SHR genetic background [SHR.S (8) or SHR.S (13) ] yielded no significant difference in proteinuria or glomerular, tubular, or interstitial injury compared with SHR. These findings demonstrate that genetic context plays a significant and important role in the phenotypic expression of genes influencing proteinuria on RNO8 and RNO13. Dahl S; SHR; renal fibrosis; congenic strains PROTEINURIA IS A SIGNIFICANT predictor for progression to endstage renal disease (ESRD) and also represents an important independent risk factor for the development of cardiovascular disease and overall mortality (36) . It has been clearly established through familial aggregation studies, comparison of incidence between different racial and ethnic populations, and linkage analysis that ESRD has a substantial genetic component (4, 16) . Additionally, age, gender, diet, and socioeconomic factors also play a role in the onset and progression of renal disease (1, 40, 60) .
Hundreds of studies have utilized a candidate gene approach to identify genes involved in common forms of renal failure (4). However, there have been relatively few studies that have utilized the more systematic whole genome scan approach (5, 7, 10, 11, 15, 27, 28, 31, 61) , and recently whole genome association studies (26) . These genetic analyses have identified many genomic regions or single nucleotide polymorphisms (SNP) associated with renal disease and many interesting candidate genes. However, none have definitively established a causal role between the genetic variants and the disease. The difficulty in achieving this objective lies in the significant genetic heterogeneity within the patient population. Clinical symptoms and outcomes may be similar (e.g., ESRD), but the underlying genetic cause is different, limiting the power to identify disease-causing variants (35, 51) . This is further complicated because some individuals may carry the same susceptibility allele(s) (at a particular locus), but one individual possesses a genetic background that compensates for the propensity to promote disease, while the other individual develops disease. Fortunately, the availability of several rat models of renal disease (6, 34, 39, 52-54, 57) offer hope not only in identifying genes involved in common forms of renal disease but also in understanding how genetic background and environmental factors determine occurrence and severity of renal damage.
The Dahl salt-sensitive rat (S) has been extensively used to study the genetics of hypertension (18, 20, 23, 29, 37) . More recently, several studies have utilized this model to investigate the genetics of renal disease (17, 21, 43, 55) . Previously, a genetic analysis using the S and the spontaneously hypertensive rat (SHR) identified quantitative trait loci (QTL) for proteinuria on rat chromosomes (RNO) 8 and 13 (17) . For these loci, the SHR allele was associated with significantly less proteinuria and renal damage compared with the S allele. The advantage of this genetic cross was the ability to identify loci that influence proteinuria and renal injury on genetic backgrounds (from either S or SHR) permissive for hypertension.
The purpose of the current study was twofold: 1) confirm the linkage analysis and provide starting material for gene identification; and 2) evaluate the effect of genetic background on the ability of each locus (RNO8 or 13) to influence proteinuria by constructing reciprocal congenic strains. Specifically, the proteinuria-"resistant" SHR alleles were placed on the "susceptible" S background [S.SHR (8) or S.SHR (13) ] or the proteinuria-susceptible S alleles were placed onto the resistant SHR background [SHR.S(8) or SHR.S(13)]. These strains were evaluated for proteinuria, various measures of renal function, as well as assessed for differences in kidney pathology.
MATERIALS AND METHODS

Animals
All experiments had approval of our Institutional Animal Care and Use Committee. The Dahl salt-sensitive (SS/Jr or S) and the spontaneously hypertensive rats (SHR/NHsd or SHR) were maintained in our animal facility at the University of Toledo, Health Science Campus (UTHSC, formerly the Medical University of Ohio). The S.SHR (8) or S.SHR (13) and SHR.S(8) or SHR.S(13) congenic strains were developed as previously described using the speed congenic approach (21) . Briefly, female S rats were bred with male SHR to produce F 1 rats. Female F1 rats were backcrossed to male S rats for S.SHR (8) or S.SHR (13) , or male F1 rats were bred to female SHR rats for SHR.S(8) or SHR.S (13) . This breeding scheme ensured that the mitochondrial genome for S.SHR congenics were from the S and the mitochondrial genome for SHR.S congenics were from the SHR. At the first backcross (BC1), animals were selected that retained the greatest amount of background genome while being heterozygous S/SHR on either RNO8 or RNO13. A total of 100 -114 microsatellite markers were examined at each generation. The same process continued for BC2-BC5. At BC5, the background genome for each S.SHR strain was found to be homozygous for S alleles, while regions on RNO8 and RNO13 were heterozygous (S/SHR). Similarly, the background genome for each SHR.S strain was found to be homozygous for SHR alleles, while regions on RNO8 and RNO13 were heterozygous (S/SHR). The heterozygous animals for each region were intercrossed to fix the SHR alleles on the S background [S.SHR(8) or S.SHR (13)] or to fix the S alleles on the SHR background [SHR.S (8) and SHR. (13)]. The S.SHR(13) congenic was previously studied at an earlier time point and only for proteinuria (21) . Values are means Ϯ SE with SE shown in parentheses; for weight, n ϭ 12/group and for blood parameters, n ϭ 8/group. SHR, spontaneously hypertensive rats. S, Dahl salt-sensitive rat. Heart and kidney weights were adjusted for differences in body weight when significantly different. *P Ͻ 0.01, S vs. S.SHR. †P Ͻ 0.01, SHR vs. SHR.S. At 4 wk of age, a group of age-matched male (n ϭ 12/group) S, congenic, and SHR were weaned to a low-salt diet (0.3% NaCl; TD7034; Harlan Teklad, Madison, WI). The animals were studied for several renal and cardiovascular traits at 12 wk of age. Rats were killed by an overdose of pentobarbital sodium. Body (BW), heart (HW), and kidney weights (KW) were measured. Kidney samples were processed for histological examination, and serum samples were obtained from cardiac puncture to measure blood parameters.
Phenotyping
Urine and blood parameters. To collect urine, animals were kept in metabolism cages (Lab Products, Seaford, DE) for 24 h with free access to water. Sodium azide was added as a preservative to the collection vials to a final concentration of ϳ0.01%. Urinary protein excretion (UPE) and urine creatinine were determined as done previously (19, 21) . No significant correlation was observed between UPE and BW. Thus it was not necessary to normalize UPE for differences in BW and it is reported as milligrams per 24 h. Blood parameters (Table 1) were determined by standard methods (e.g., creatinine was determined by the Jaffé method) using an Alfa Wassermann ACE automated chemistry analyzer (BioReliance, Rockville, MD).
Histology. Kidneys were fixed in 10% neutral buffered formalin and embedded in paraffin, cut into 3-m sections, and stained with hematoxylin and eosin or Masson's trichrome. Two central longitudinal sections from each kidney (n ϭ 12 for S and SHR, n ϭ 8 for each congenic) were examined in a blinded fashion. Glomerular damage (glomerulosclerosis and mesangial expansion) was assessed as follows: grade 0, no changes; grade 1, lesions involving Ͻ25%; grade 2, lesions affecting 25-50%; grade 3, lesions affecting 50 -75%; and grade 4, lesions affecting Ͼ75% of glomeruli. Vascular, tubular, and degree of interstitial injury were evaluated separately on a semiquantitative scale from 0 (normal) to 4 (severe) (19, 21) . Vascular compartments were assessed for vessel wall thickening, cell proliferation, and necrosis. Tubules were evaluated for the presence of necrosis, hydropic change, and/or tubular casts. Percent interstitial injury was determined by evaluation of slides stained with Masson's trichrome. Ten random regions of each slide were evaluated using MetaMorph image-analysis software (Downingtown, PA) to quantify percent fibrosis (blue staining) compared with background.
Genotyping
Genomic DNA was obtained by tail biopsy at each backcross generation during development of the congenic strains. The DNA was prepared using a Wizard SV 96 Genomic DNA kit (Promega, San Luis Obispo, CA). Genotyping was done as previously described using a fluorescent-based approach (19, 21) .
Statistical Analysis
S and S.SHR or SHR and SHR.S strain data were evaluated by a one-way ANOVA followed by post hoc multiple comparisons using Dunnett's test. All data are presented as means Ϯ SE.
RESULTS
To examine the effect of genetic background on QTL for proteinuria and renal function, congenic strains were developed by transferring a region of RNO8 or RNO13 from the SHR onto the susceptible S background [S.SHR (8) (Fig. 1) . In this case, the most relevant comparison to be made is between the S and S.SHR or between SHR and SHR.S. Rats were maintained on a low-salt diet (0.3% NaCl). Measurements were performed on n ϭ 8 -12 rats/group. Error bars are SE. *Significantly different from S at P Ͻ 0.05 by 1-way ANOVA followed by post hoc multiple comparisons using Dunnett's test.
(114 Ϯ 9.3 vs. 59 Ϯ 3.5 mg/24 h, P Ͻ 0.0001). Creatinine clearance (CrCl), normalized to kidney weight was higher in each S.SHR congenic compared with S, but this did not reach statistical significance when correcting for multiple comparisons. Blood urea nitrogen (BUN) and uric acid (UA) levels (Table 1) were also significantly lower compared with the S. However, the transfer of either the RNO8 or RNO13 region from the S onto the resistant SHR-background failed to significantly change any of the measured parameters. UPE for SHR.S(8) or SHR.S(13) was slightly elevated (10 Ϯ 1.6 and 10 Ϯ 1.4 mg/24 h, respectively) compared with the SHR parental (7.7 Ϯ 1.0 mg/24 h), but this difference was not statistically significant. Additionally, no significant difference was observed for CrCl, BUN (Fig. 2) , or UA levels (Table 1) among these strains. Table 1 shows additional experimental parameters between the groups. For S and S.SHR(8), BW was similar, but S.SHR(13) was slightly heavier than S controls. No significant differences in HW among the groups were observed, but KW was significantly less in each S.SHR congenic strain (normalized for differences in BW). Both total cholesterol (TC) and triglyceride (TG) levels were also significantly decreased in the S.SHR compared with the S. There was a small, but significant difference in BW between SHR and SHR.S(8). However, once both HW and KW were corrected for differences in BW, no significant difference was observed among these strains.
Kidneys from each of the strains were examined and evaluated for glomerular, tubular, vascular, and interstitial damage (Fig. 3) . At 12 wk of age, glomerular damage in S.SHR(8), but not the S.SHR(13) congenic strain was significantly lower than the S. Tubular changes were significantly attenuated in both S.SHR congenic strains compared with the S (Fig. 3A) . No significant vascular differences were seen among the groups. The principal histological difference between the S and either S.SHR congenic strain was in the degree of interstitial injury (Fig. 3A) . Figure 4 provides representative histological images for the degree of fibrosis observed among strains, as well as a quantitative assessment of interstitial fibrosis. The S rat kidney experienced significantly more interstitial fibrosis (13.1 Ϯ 1.28%) compared with either the S.SHR(8) (4.6 Ϯ 0.43%) or S.SHR(13) (5.9 Ϯ 0.28%). For the SHR and SHR.S(8) or SHR.S(13) comparison, no significant difference in glomerular, tubular, or interstitial injury was observed. Interestingly, for both SHR.S congenic strains, the severity of vascular injury was significantly higher than the SHR (Fig. 3B) . Figure 4B provides representative histological images of vascular damage observed in the SHR.S congenic strains compared with the SHR.
DISCUSSION
An important reason for developing a consomic or congenic strain is to provide a tool to investigate the effect of an individual locus separate from other loci that contribute to a particular quantitative trait (9, 46) . The ultimate use of these strains (and subsequent congenic substrains) is usually to aid in identifying gene(s) that play a role in a particular disease process (9) . More often than not, congenic strains have been developed to transfer a single locus from an animal exhibiting resistance onto the genetic background of the susceptible strain. The expectation is that the congenic strain will demonstrate improvement over the susceptible parental strain for any particular trait. Conversely, transfer of a region from the susceptible strain onto the genetic background of the resistant strain is expected to result in an animal worse off than the resistant parental. The main goal of this work, aside from confirming the proteinuria QTL on RNO8 and RNO13 identified in an earlier linkage analysis (17) , was to investigate how genetic background plays a role in pathogenesis of proteinuria and renal injury between the S and SHR.
Our intention here was to test the ability of each locus to influence proteinuria and renal injury under conditions of moderate hypertension and not to severely increase BP by salt-loading (17, 19) . Therefore, the strains were maintained on a low-salt diet to minimize the "salt-sensitive" component of blood pressure observed in the S rat. As expected, placement of the renal-protective SHR alleles on the susceptible S background [S.SHR (8) or S.SHR (13) ] showed significant attenuation of proteinuria, serving to confirm the original linkage analysis (17) . The current study did not observe a significant difference in CrCl between strains (at the age studied). However, improved renal function was demonstrated by significant changes in BUN and UA levels. The histological findings of reduced glomerular and tubular injury corroborated the reduction in proteinuria. In particular, renal interstitial fibrosis was the predominant histological improvement in the S.SHR com- (8) and S.SHR (13) . B: SHR vs. SHR.S(8) and SHR.S(13). Injury was assessed using a semiquantitative scale from 0 (normal) to 4 (severe). Kidneys from n ϭ 8 -12 animals were examined from each group. Error bars are SE. ND, not detectable. *Significantly different from S at P Ͻ 0.05. #Significantly different from SHR at P Ͻ 0.05 both by 1-way ANOVA followed by post hoc multiple comparisons using Dunnett's test. pared with the S. This is important because renal fibrosis represents the pathological event most correlated with loss of renal function (32, 67) . The fact that vascular injury was the same between strains (which can influence renal perfusion pressure and GFR) could partially explain why no difference in CrCl was observed.
TC and TG levels were also significantly elevated in proteinuric S rats compared with S.SHR congenic strains. which exhibited less renal injury. Several studies have demonstrated that dyslipidemia is a relatively common finding in patients with chronic kidney disease and/or ESRD (24, 33) . Differences in TC and/or TG (between the strains) are likely due to enhanced production and accumulation of triglyceride-rich lipoproteins in the renal-impaired S rat. The observed differences in these measures are likely reflective of differences in renal injury (i.e., proteinuria, renal pathology, etc.) rather than the presence of QTL for TC and/or TG being on these chromosomes. However, the possibility that these loci are not also linked to TC and/or TG cannot be completely eliminated because several linkage analyses have identified QTL for these traits on RNO8 and 13 (25, 30, 42, 59 ).
The SHR.S(8) or SHR.S(13) congenic strains (i.e., susceptible locus on resistant genetic background) demonstrated no significant increase in proteinuria, decline in renal function, or increase in glomerular, tubular, or interstitial injury compared with the SHR. Significant differences in vascular injury were observed between the SHR and SHR.S strains. These vascular differences may be indicative of early renal injury that may eventually lead to proteinuria or impaired renal function (if studied in older animals). Additionally, the same locus (or set of loci) on each chromosome could be responsible for both renal vascular lesions and proteinuria (pleiotropy), such that the SHR genetic background allows the expression of the vascular component, and the S background allows expression of the proteinuria and tubular interstitial component.
In general, congenic strains developed on the SHR genetic background [SHR.S] demonstrated that proteinuria-resistant loci in the SHR (such as those on RNO1, 6, 9, 13, and 19) are able to resist pressure toward renal injury and proteinuria conferred by the susceptibility alleles donated by S on RNO8 or 13. This clearly suggests that multiple susceptibility genes are required for a pathological condition to manifest itself (at (13) . B: hematoxylin and eosin staining at ϫ40 for SHR vs. SHR.S(8) and SHR.S (13) . For quantitative assessment of interstitial fibrosis in S and S.SHR congenics, 10 random regions of each slide (ϫ20) were evaluated using MetaMorph (Downingtown, PA). Arrows denote arterial vessels. The SHR.S congenics demonstrate vessel thickening and hypercellularity which in the not seen in the SHR parental. Error bars are SE. *Significantly different from S at P Ͻ 0.05 by 1-way ANOVA followed by post hoc multiple comparisons using Dunnett's test. least in the SHR). For instance, in the earlier linkage analysis (17) , several genetic interactions were observed among RNO2/8, RNO6/8, and RNO10/13. It is possible that the replacement of more than one resistance allele (e.g., RNO2/8) with prorenal injury loci from the S are required before significant renal injury and proteinuria would be exhibited on the SHR background. These interactions are possible to elucidate but would require detailed congenic analysis where single congenic strains (one locus substituted) are directly compared with double congenic strains (two loci substituted), along with appropriate parental controls (47) .
There have been a number of studies that have utilized reciprocal congenic strains to investigate the genetic basis of various diseases, including hypertension (3, 13, 14, 58, 62) , stroke (49) , ethanol sensitivity (44), arthritis susceptibility (48) , and proteinuria and glomerulosclerosis (63) . In some instances, the reciprocal congenic strains demonstrated comparable effects on the phenotype, whereas in other studies the effect observed between the reciprocal strains was not comparable. For example, Frantz et al. (14) developed reciprocal congenic strains from the SHR (hypertensive) and WistarKyoto (WKY; normotensive). The SHR.WHY-Sa demonstrated Ϫ11-mmHg blood pressure compared with SHR, and the WKY.SHR-Sa demonstrated ϩ11 mmHg compared with WKY (14) . In contrast, Yagil et al. (62) developed reciprocal congenic strains from the SBH (hypertensive) and SBN (normotensive). The SBH.SBN1 demonstrated a significant decrease in blood pressure compared with SBH, whereas the SBN-SBH1 showed no significant increase compared with SBN (62) . A similar study found that SBN.SBH1 and SBH.SBN1 demonstrated a significant difference in proteinuria and glomerulosclerosis compared with control. However, there was about a twofold difference in the degree of the proteinuria effect between the SBH.SBN1 and SBN.SBH1 compared with their respective controls (63) .
Studies involving hypertension appear to be variable in how genetic background can influence the degree of phenotypic effect between reciprocal congenic strains and their respective controls (e.g., susceptible on resistant or resistant on susceptible). For proteinuria, our data (and others) suggest that a genetic background resistant to renal injury (such as the SHR) is highly resilient to genetic pressure to promote injury. This may be partially explained from genetic crosses between highand low-proteinuria strains, which consistently demonstrate that proteinuria is strongly recessive (i.e., F 1 offspring exhibit proteinuria similar to the resistance strain) (6, 17, 34, 52, 64) , whereas blood pressure appears to fit an additive model of inheritance (i.e., F 1 offspring exhibit blood pressure midway between strains) (8, 41, 52, 66) . There have been several studies using the mouse that have also demonstrated that genetic background can have a significant influence on disease occurrence and severity (56, 65) . In particular, when cycloxygenase-2 deletion (cycloxygenase-2 deficient) was introduced into three genetic-backgrounds (129/Sv, C57/BL6, and BALB/ c), there were remarkable strain-dependent differences in hypertension and proteinuria (BALB ϭ no hypertension/proteinuria; C57 ϭ no hypertension, but proteinuria; and 129 ϭ severe hypertension/proteinuria) (65) .
The present study did not address whether the proteinuria difference is independent from blood pressure changes. This was the case for the proteinuria locus on RNO2. No difference in blood pressure was observed, despite a large difference in proteinuria between strains (19) . This was consistent with the linkage analysis because no association with blood pressure was found on RNO2. Similarly, no linkage to blood pressure was observed at either the RNO8 or RNO13 locus based on the linkage analysis (17) . Regardless, even if significant differences in blood pressure were detected (along with proteinuria), the cause-effect relationship would be difficult to elucidate. The only way to dissect whether these traits are under independent control or linked would be through additional congenic analysis using progressively smaller congenic segments.
Genetic background plays an important role in the phenotypic expression of loci associated with proteinuria and renal injury. Congenic strains developed by placing the resistant SHR alleles onto the susceptible S-genetic background provided the most informative comparison for our work. However, the outcome of any congenic analysis is strongly dependent on the phenotype, genetic background, and/or the influence of each locus, and for these reasons constructing reciprocal congenic strains provides the best strategy to test the influence of any given QTL. In either case, the larger the phenotypic effect between the congenic and control animals, the greater the ability to track these differences when performing further congenic strain analysis (i.e., substrains). This is advantageous because the unfortunate reality is that QTL are likely to contain multiple loci that each contribute small-to-modest effects or interact with other loci, making the process of positional cloning difficult (22, 38, 50) . Nevertheless, with persistence, the process from QTL to gene identification is valuable and achievable (2, 12, 45) .
